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Abstract 
To explore the applicability of rammed earth in China’s rural buildings, we took the Anji RE house for study. This paper 
performed an analysis on materials and envelope thermal characteristic, results showed that the average heat transfer coefficient 
of the RE wall is 1.52W/(m2·k) which meets the related thermal codes. After roof modification using the lightweight clay 
measuring which the conductivity coefficient is 0.1216 (W·m-1·K-1) , the average heat coefficient of two roofs (air-insulation roof 
and lightweight clay roof) are respectively 0.654W/(m2·k), 0.268W/(m2·k) that  also meet the related codes. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Rammed earth (RE) houses are perceived to be sustainable as they carry extremely low embodied energy, in 
particular when local material is used (Xiang Dong et al., 2015). Recent years, many studies have been performed on 
the performance modification of RE and the RE houses’ thermal comfort, construction technology, etc.. 
However, few paper reports the use of modified RE material on roof. According to the previous study, a typical 
300 mm thick RE wall has an R-value of 0.27-0.70 (m2·K)/W (P.Walker, 2002; M.Hall & D.Allinson, 2009; Z.Yan 
et al., 2005; P.Taylor & M.Luther, 2004). But condition different due to the different climate, lifestyle, even the 
codes in different countries. Anji RE house is an ecological rural housing constructed by local earth material in hot-
summer and cold-winter climate region of China, therefore, taking it as an study object, this paper performed an 
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analysis mainly on the envelope thermal characteristic, also took the roof modification using the modified RE 
material combined with bamboo powder according to the analysis results to improve the roof’s thermal performance, 
and made a comparison on the data after the roof modification. 
2. Phases and methods 
2.1. Phases 
This paper performed the analysis in three phases: 
First phase is measuring the envelope thermal performance before roof modification which we got the data of RE 
wall and two kinds of roofs. 
Second phase is mixing the ratio determination of the lightweight clay for roof modification. 
Third phase is the measuring of the roofs’ thermal characteristic after modification. 
2.2. Case study 
2.2.1. Material composition of RE house 
This RE house (hot-summer and cold-winter zone) located in Anji country, Zhejiang Province, China (Fig. 1), 
fully used the local materials: yellow mud and wood from the nearby demolished buildings, local fir and pebbles 
from creek beach nearby. All the walls were built with rammed earth mixed of yellow mud, local sand and hydrated 
lime in accordance with the ration of 5:4:1. All the materials can be used directly and make no construction waste. 
 
            
                                                            Fig. 1. Anji RE house .                                          Fig. 2. Inside view. 
2.2.2. Structure of RE house 
Exterior walls are 330mm thick load-bearing RE wall. Inside frame is fast-growing fir beams. Interior walls of 
second floor are 240mm thick hollow cedar board filled with sawdust. All the walls are finished with 20mm thick 
mortar mix (Fig. 2). Cedar board have been used to cover the wooden boards, from the bottom layer, the roof 
structure were cedar board, SBS waterproofing membrane, asphalt shingles. Roof overhang was about 500mm 
outward as an eaves which introduce the airflow to enhance ventilation and take away the heat in summer (Du & Ma, 
2012). All the exterior windows are wood-framed double-glazed windows with good insulation characteristic.  
2.3. Measurement method 
2.3.1. Measuring method for the thermal data 
2.3.1.1. One-dimensional steady-state heat transfer principle 
It can be seen as the “one-dimensional steady-state heat transfer” because in winter, the outdoor temperature 
changes relatively small, and the heat is passed from the interior to the outside. The heat flux equation with any 
point of the envelope as the following principle formula:  
d
q 21
TTO ˉ=
   (1) 
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    Where: q—heat flux per unit area W/m2; λ—thermal conductivity of the wall or roof, W/(m·K); d—thickness of 
the wall,m; θ1—temperature of high-temperature surface, K; θ2—temperature of low-temperature surface, K; 
    Thermal resistance formula: 
d/λヵR    (2) 
    Thermal resistance formula of multi-layer structure:  
∑ +++= ...321 RRRR    (3) 
    Heat transfer coefficient: 
)04.011.0(1ヵK ˇˇR    (4) 
Where: 0.11 (m2·K)/W, 0.04 (m2·K)/W respectively present the air thermal resistance of inner and outer surfaces 
of wall or roof in winter conditions according to the Thermal design code for civil building (GB 50176-93, 1993) of 
China. Based on one-dimensional steady-state heat transfer principle, we measured the thermal characteristic with 
the method of “heat flow meter” (Fig. 3). Getting the heat transfer coefficient and thermal resistance data by 
measuring the inner and outer surface temperature of wall and roof, heat flux per unit area, indoor and outdoor 
temperature.  
2.3.1.2. Measuring instruments 
JTRG-II-type building thermal temperature and heat flux circuit automatic detector (Fig. 4, which adopts the 
general international copper thermocouple as the temperature sensor systematically made up of  thermal temperature 
and heat flux circuit automatic detector, sensor, software of temperature and heat flux test system, communication 
system and power supply system making the data acquisition stable.), laptops, etc.. 
                           
                Fig. 3. One-dimensional steady-state heat transfer.                                       Fig. 4. Equipment layout. 
2.3.1.3. Equipment layout 
Putting heat flow meter sheet near the middle position of north wall’s inner surface for measuring the change of 
heat flux through the wall. Arrange thermocouples next to it and the corresponding of outer surface, respectively for 
measuring the both surface temperature change of the wall. In addition, a themocouple inside the room air for the 
indoor air temperature change. A themocouple in the outside air was wrapped in aluminum foil to prevent the 
influence of solar radiation for outdoor air temperature change. Select upper and middle positions of inner roof 
surface and the corresponding of outer surface, respectively arrange the themocouples for the both surface 
temperature change. With the same method, collect the data of thermal insulation roof. Butter the surface of all 
themocouples and heat flow meter sheet, making them easy to fixed while discharging the internal air and 
eliminating interference.(Fig. 5) 
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Fig. 5. Equipment layout. 
2.3.2.  Conductivity measurement method 
2.3.2.1. Experimental materials 
    Using soil sample taken from the RE house, to make the lightweight clay specimens of different combination 
ratio. 
2.3.2.2. Principle of transient Hot-Strip method  
Measuring the thermal conductivity based on the Transient Hot-Strip method, which is a non-steady-state method 
with the principle that placing a long thin metal belt on a relatively large medium. The metal belt has the same 
temperature with the medium at the initial time, from the time t=0 begins, heating the metal belt with a constant 
current, and the heat produced by metal belt will be transferred to the surrounding medium (Fig. 6). Hypothesis of 
belt infinite, surrounding medium of infinite, the belt and the tested medium’s thermal physical parameter constant, 
and non contact resistance between the medium and belt. Then we can get the thermal conductivity K of the medium 
according to the temperature distribution of the belt and the surrounding medium. Formula is as follows: 
1]
)(ln
)(
[
4 td
tdTq
K mL±=    (5) 
In the formula: Lq üthe heating power per unit length of the tropical; )(tTm üthe average temperature of belt. 
2.3.2.3. Equipment 
    JTKD-I type quick thermal conductivity meter (Fig. 7). (Manufacturer: Beijing Century Jian Tong environment 
Technology Co Ltd.) 
2.3.2.4. Experimental method 
    Dividing the specimens into three and measuring the thermal conductivity under the normal temperature and 
humidity. From specimen 1 to specimen 3, the combination ratio of clay and bamboo powder respectively are 1:2, 
1:3, 1:4. When measuring, ensure that the specimens’ surface roughness and the metal belt has a full touch with the 
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specimens. Each specimen was measured several times and next measurement was taken after the sensor cooled for 
10 minutes. 
              
                                   Fig. 6. Principle of the hot-strip method.                                                        Fig. 7. Experiment tools. 
3. Analysis and discussion 
All the data collected by the sensor in the condition of occupants’ regular activities. Getting the related data of 
outside and inside temperature, outer and inner surface temperature, the average heat flow. Then calculating the R-
value according to the Formula 1~3 and the K-value by Formula 4. 
3.1. Thermal characteristic analysis of envelope before modification 
3.1.1. Structure of RE wall and roofs 
Structure of  the RE walls and roofs are 300mm thick RE wall, with 20mm mortar mix internal and external 
finished.  
Most roofs are without insulation measurement, from the bottom structure layer were cedar board, SBS 
waterproofing membrane, asphalt shingles. (Fig. 8) 
Some others are thermal insulation roof with padding clay, from the bottom layer are respectively 20mm thick 
cedar board, 15cm thick clay, 20mm thick cedar board. (Fig. 9) 
 
                                 Fig. 8. Structure of non-insulation roof.                                  Fig. 9. Structure of clay-padding roof. 
3.1.2. Data analysis and discussion of RE wall 
The heat flux is relatively stable at 2:00~23:00 on February 1 2013 among the collected data (Fig. 10), therefore, 
selecting the relevant data during this period and remove the volatile data to calculate the heat transfer coefficient 
and thermal resistance. The data is shown in Fig.11: 
From the Fig. 10 we can see the average indoor air temperature is 13.025 Ԩ; average outdoor air temperature is 
10.763 Ԩ. Inner surface average temperature is 12.688 Ԩ; Outer surface average temperature is 11.188 Ԩ; The heat 
flow through the external wall is 2.95 W / m2; 
Therefore, the thermal resistance (R-value) of RE wall is 0.508 m2.k/W; the average heat transfer coefficient (K-
value) is 1.52 W/(m2.k) that satisfy the Deemed-to-Satisfy provisions of the Design Standard of Energy-efficient 
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Rural Housing (GB/T 50824-2013), which requires a maximum K-value for external walls of 1.8 W/(m2.k) for the 
‘thermal inertia index (D-value) ≥ 2.5’ rural housing for the hot-summer and cold-winter zone. 
 
Fig. 10. The heat flux through RE wall (2013.2.1 2:00~23:00). 
 
Fig. 11. Relevant thermal data of the RE wall (2013.2.1 2:00~23:00). 
3.1.3. Data analysis and discussion of non-insulation roof 
Using the same method as above, the heat flux is relatively stable at 0:00~20:00 on February 1 2013 among the 
collected data (Fig. 12), therefore, select the relevant data during this period and remove the volatile data to 
calculate the heat transfer coefficient and thermal resistance. The data is shown in Fig. 13: 
From figures below, we can see the outdoor temperature and the inner and outer surface temperature are all 
decline suddenly, for the data collected every 1 hour, and the rainy days in winter, so maybe caused by the short 
time snow cover that the snow melted and absorbed heat. We can get that the average temperature of the indoor air 
is 12.952 Ԩ; average outdoor air temperature is 10.981 Ԩ. Inner surface average temperature of non-insulation roof 
is 13.043 Ԩ; Outer surface average temperature is 11.133 Ԩ; The heat flow through the roof is 3.314 W/m2; 
Therefore, the R-value of non-insulation roof is 0.576 m2.k/W; the K-value is 1.377  W/(m2.k) that does not 
satisfy the Deemed-to-Satisfy provisions of the Design Standard of Energy-efficient Rural Housing (GB/T 50824-
2013), which requires a maximum K-value for roof of 0.8 W / (m2.k) for the ‘D-value˘2.5’ rural housing for the 
hot-summer and cold-winter zone. 
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Fig. 12. The heat flux through non-insulation roof (2013.2.1 0:00~20:00). 
 
Fig. 13. Relevant thermal data of  the non-insulation roof (2013.2.1 0:00~20:00). 
3.1.4. Data analysis and discussion of clay-padding roof 
The heat flux is relatively stable at 0:00~22:00 on February 1 2013 among the collected data (Fig. 14), therefore, 
select the relevant data during this period and remove the volatile data to calculate the heat transfer coefficient and 
thermal resistance of the wall. The data is shown in Fig. 15: 
 
Fig. 14. The heat flux through clay-padding roof (2013.2.1 0:00~22:00). 
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Fig. 15. Relevant thermal data of the clay-padding roof (2013.2.1 0:00~22:00). 
From above figures, we can see the outdoor temperature and the inner and outer surface temperature are all 
decline suddenly, for the data collected every 1 hour, and the rainy days in winter, so maybe caused by the short 
time snow cover that the snow melted and absorbed heat. The average temperature of the indoor air is 12.965 Ԩ; 
average outdoor air temperature is 10.825 Ԩ. Inner surface average temperature is 12.69 Ԩ; Outer surface average 
temperature is 10.845 Ԩ; The heat flow through the roof is 0.435W/m2; 
Therefore, the R-value of clay-padding roof is 4.24 m2.k/W; the K-value is 0.23 W/(m2.k) that satisfy the 
Deemed-to-Satisfy provisions of the Design Standard of Energy-efficient Rural Housing (GB/T 50824-2013), which 
requires a maximum K-value for roof of 1.0 W/(m2.k) for the ‘D-value ≥ 2.5’ rural housing for the hot-summer and 
cold-winter zone. But this roof has large weight, so we took modification of it. 
3.2. Roof modification 
3.2.1. The combination ratio’s determination of lightweight clay 
After repeated measurements and analyzed the data, the conductivity of the measured samples and specimens’ 
are as Table 1: 
           Table 1. Conductivity coefficient of RE wall sample and specimens. 
Conductivity 
coefficient 
(Wgm-1gK-1) 
Sample of RE wall Specimen 1 Specimen 2 Specimen 3 
 
0.5092 
 
0.2074 
 
0.1216 
 
0.1128 
 
Specimen 3 has a relatively low conductivity coefficient, but it is because of bad adhesion that after drying 
there’s relatively large crack. Therefore, the final combination ratio is 1:3 with the dry shrinkage of nearly 20%, as 
the roof modification material. 
3.2.2. Roof modification 
3.2.2.1. Method 
There are two types of original roofs, the non-insulation roof which is poor in thermal insulation and the 15cm 
clay-padding roof which has too much weigh. Clay has a high heat storage coefficient and good thermal insulation 
properties. Clay adding plant fiber can reduce the weigh as well as playing the role in pest and fire. Set the 
ventilation air layer to promote the ventilation in summer and turn off the air inlet and outlet in winter, the air in 
cavity can be performed as insulation layer. In addition, set protective nets in the outlet to prevent birds, rats or 
leaves into the air layer thus weakening the role of ventilation and cooling. 
                  
                                 Fig. 16. Structure of air-insulation roof.                                  Fig. 17. Structure of lightweight clay roof. 
3.2.2.2. Construction process 
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Adding additional insulation layer beneath the original roof for cost saving. 
a. Heightening purlins to 150mm and laying 20mm thick cedar board on the bottom of purlins. 
b. Laying 50mm thick EPS insulation board, increasing the roof thermal insulation performance to prevent the 
reduction of insulation effect caused by soil shrinkage of water loss. 
c. Concoct the combination of clay and bamboo powder, used as the light clay for roof filling, in the ration of 1:3. 
3.2.2.3. Roof structure after modification 
After modification, the air-insulation roof layer from the bottom is 20mm thick cedar board, 15cm thick air layer, 
20mm thick cedar board.(Fig. 16) 
The other type is the lightweight clay roof which from the bottom layer are respectively 20mm thick cedar board, 
50mm thick EPS insulation board, 50mm light clay, 50mm thick air layer, 20mm thick cedar board, SBS waterproof 
membrane,shingles.(Fig. 17) 
3.3. Thermal characteristic analysis of envelope after modification 
3.3.1. Data analysis and discussion of air-insulation roof 
The heat flux is relatively stable at 2014.2.1 6:00~2.4 16:00 among the collected data (Fig. 18), therefore, 
selecting the relevant data during this period and remove the volatile data to calculate the heat transfer coefficient 
and thermal resistance of the roof. The data is shown in Fig. 19: 
Same as above, the indoor average air temperature is 22.825 Ԩ; average outdoor air temperature is 18.365 Ԩ. 
Inner surface average temperature is 22.92 Ԩ; Outer surface average temperature is 16.8 Ԩ; The heat flow through 
the air-insulation roof is 3.635W/m2; 
Therefore, the R-value of air-insulation roof is 1.378 m2.k/W; the K-value is 0.654 W/(m2.k) that satisfy the 
Deemed-to-Satisfy provisions of the Design Standard of Energy-efficient Rural Housing (GB/T 50824-2013), which 
requires a maximum K-value for roof of 0.8 W/(m2.k) for the ‘D-value˘2.5’ rural housing for the hot-summer and 
cold-winter zone. 
 
Fig. 18. The heat flux through air-insulation roof (2014.2.1 6:00~2.4 16:00). 
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Fig. 19. Relevant thermal data of the air-insulation roof (2014.2.1 6:00~2.4 16:00). 
3.3.2. Data analysis and discussion of lightweight clay roof 
The heat flux is relatively stable at 2014.2.1 6:00~2.4 14:00 among the collected data (Fig. 20), therefore, 
selecting the relevant data during this period and remove the volatile data to calculate the heat transfer coefficient 
and thermal resistance. The data is shown in Fig. 21: 
 
Fig. 20. The heat flux through lightweight clay roof (2014.2.1 6:00~2.4 14:00). 
 
Fig. 21. Relevant thermal data of the lightweight clay roof (2014.2.1 6:00~2.4 14:00). 
The average temperature of indoor and outdoor air is 22.135 Ԩ and 17.285 Ԩ. Inner surface average temperature 
is 21.67 Ԩ; Outer surface average temperature is 34.74 Ԩ; The heat flow through the roof is 3.655W/m2; 
Therefore, the R-value of lightweight clay roof is 3.576 m2.k/W; the K-value is 0.268 W/(m2.k) which satisfies 
the Deemed-to-Satisfy provisions of the Design Standard of Energy-efficient Rural Housing (GB/T 50824-2013), 
which requires a maximum K-value for roof of 1.0 W/(m2.k) for the ‘D-value ≥ 2.5’ rural housing for the hot-
summer and cold-winter zone. 
4. Conclusion 
(1) In the data collection, the occupants’ activity should be controlled strictly. Otherwise there will be much 
abnormal data in the analysis. 
(2) After the above experiment and analysis, the relevant data of envelope’s thermal characteristic is as Table.2: 
(3) Fig. 22 is the comparison of indoor and outdoor temperature difference before and after modification with the 
similar climatic condition (data of Feb.11, 2013 and Jan,27, 2014). From the figure. 22 we can see the indoor and 
outdoor temperature difference before modification is smaller than the difference after modification. Proving that 
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the roof thermal characteristic has been strengthened by roof modification, thus improving the overall thermal 
performance of the building envelope. 
 
         Table 2. Envelope’s thermal characteristic data. 
 
 
Value 
Envelope 
RE wall Before and after modification Before and after modification 
Non-insulation 
roof 
Air-insulation 
roof 
Clay-padding 
roof 
Lightweight 
clay roof 
Thermal resistance  (m2.k 
/ W) 
0.508 0.576 1.378 4.24 3.576 
Heat transfer coefficient 
K (W / (m2.k)) 
1.52 1.377 0.654 0.23 0.268 
Specification limit    (W / 
(m2.k)) 
1.8 0.8 0.8 1.0 1.0 
 
 
 
Fig. 22. Indoor and outdoor temperature differences before and after modification. 
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